There is some consensus among researchers that the first urban civilization labeled a 'city' was Sumer in the period 3,500-3,000 BC. The meaning of the word, however, has evolved with the advancement of technology. Adjectives such as digital, intelligent, and smart have been prefixed to 'city', to reflect the evolution. In this study, we pose the question: What makes a 'Smart City', as opposed to a traditional one? We review and synthesize multiple scientific studies and definitions, and present a unified definition of Smart City-a complex concept. We present the definition as an ontology which encapsulates the combinatorial complexity of the concept. It systematically and systemically synthesizes, and looks beyond, the various paths by which theory and practice contribute to the development and understanding of a smart city. The definition can be used to articulate the components of a Smart City using structured natural English. It serves as a multi-disciplinary lens to study the topic drawing upon concepts from Urban Design, Information Technology, Public Policy, and the Social Sciences. It can be used to systematically map the state-of-the-research and the state-of-thepractice on Smart Cities, discover the gaps in each and between the two, and formulate a strategy to bridge the gaps.
Introduction
Cities around the world play a key role in the global economy as centers of both production and consumption, generating a large portion of the world's GDP [1] . The growth of cities since the industrial revolution has reached unprecedented levels. The population division of the United Nations has estimated that in 2016 54.5 per cent of the world's population lived in urban settlements and by 2050 this number will rise to 67% [2] . This considerable growth in cities' population will require major urban infrastructure developments in order to cope with the demand of its inhabitants. IEC [3] estimates that the infrastructure development for the next 35 years will surpass the one built over the last 4,000 years. Unquestionably, cities are complex systems and the rapid urban growth that brings traffic congestion, pollution, and increasing social inequality may turn the city into a point of convergence of many risks (economic, demographic, social, and environmental). That could seriously surpass their ability to provide adequate services for their citizens [4] . However, well managed cities can provide multiple benefits to the people living there since they produce economies of scale by sharing amenities such as transport, sport and entertainment facilities, business services, broadband, etc. [5] . The World Economic Forum also suggested that cities provide proximity and diversity of people that can be an incentive for innovation, and create employment as exchanging ideas breeds new ideas [6] .
Governments and researchers since the 1990s have been using the term 'Smart Cities' as a fashion label, or because it could help certain cities to distinguish and promote themselves as innovative. Being a Smart City is an aspiration for some cities who have been developing long term plans to achieve this purpose. But, this is still a challenge for other that are facing this process sightlessly basically because concept is still ambiguous [7] . Giddens [8] suggested that the modernization process in the cities are linked to risks and many of them are "manmade risks", that have arisen because of the development of new technologies and the advances in scientific knowledge which are associated to the smartness of the city. In this context, Liotine et al. [9] considers the term Smart City as an anthropomorphism (attribution of human characteristics to the city) because it is based on the ability of the city to sense and respond to its challenges smartly-using natural and artificial intelligence embedded in the city's information systems.
There have been numerous studies attempting to define the Smart City concept, but it is still a difficult challenge to tackle. It is a multidisciplinary concept and to define 'Smart' is difficult. The first attempts to define the concept were focused on the smartness provided by information technology for managing various city functions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Lately the studies have widened their scope to include the outcome of the Smart City such as sustainability, quality of life, and services to the citizens [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Murgante and Borruso [31] warned that cities, in the rush of being considered part of the "Smart umbrella", can be susceptible to ignore the importance of becoming sustainable and if they focus solely on improving technological systems they can easily become obsolete.
The assessment of the level of smartness of cities have also become important for researchers and government officials. They have developed rankings that considers variables like economy, infrastructure, innovation, quality of life, resilience, transportation, urban development, etc. [32] [33] [34] .
Despite the vast literature on smart cities, or because of it, there are more than thirtysix definitions of the term. They address different, but relevant, aspects of the construct. However, the literature does not provide a unified a definition of the construct that is (a) inclusive of the present definitions, and (b) extensible to accommodate the evolution of the construct. We logically deconstruct the construct to define it using an ontology. The proposed definition unifies the present definitions. It can be extended, scaled, and refined/coarsened as necessary [35, 36] .
Conceptualizing Smart Cities
The term city has been used since ancient times to describe certain urban communities by some legal or conventional definitions. The definitions can vary between regions or nations. The use of the term smart city is more recent and its early use can be traced to the initial use of information technology in urban environments. Many studies have reviewed the literature's definitions and dimensions of a smart city, characterizing and identifying variables and elements to groups them. The authors of these studies include Giffinger et al. [33] , Albino et al. [37] , Chourabi et al. [38] .
Caragliu et al. [7] found some elements that could characterize a smart city. How we can include all the elements and dimensions that could encapsulate the smart city concept in a unified definition is then the challenge of this study. It is based on an extensive literature analysis and using more than thirty-six different definitions of this concept from disciplines as diverse as urban studies, computers and information technology, sociology, and public health [10, [37] [38] [39] [40] .
There is no doubt that a Smart City is a multidisciplinary concept that embodies not only its information technology infrastructure but also its capacity to manage the information and resources to improve the quality of lives of its people. The use of information technology has been considered as a key factor in the smartness of a city since it can sense, monitor, control and communicate most of the city services like transport, electricity, environment control, crime control, social, emergencies, etc. [31, 41, 42] . While the information technology can make a city smart (or smarter), the city itself is an entity with multiple stakeholders seeking diverse outcomes. The proposed unified definition integrates the two aspects.
Frameworks and Rankings of Smart Cities
Many frameworks have been proposed to encapsulate the critical elements in smart cities, and the underlying relationships between the elements. Some frameworks stress technology and infrastructure as the main components, while others emphasize looking people´s wellbeing. Brandt et al. [43] developed a framework for smart cities based on (a) the information systems research literature within the smart city context, and (b) the insights from interviews with municipal stakeholders from European cities. Their framework combines the resource-based and the ecosystem views to provide a comprehensive representation of the smart city. In this context, they discuss the types of resources a smart city can rely on such as built capital, human capital, natural capital, and information technology infrastructure. In their view the ecosystem includes the stakeholders within the city (city administration, businesses, and resident commuters, etc.).
Chourabi et al. [38] propose a framework that attempts to incorporate sustainability and livability issues, as well as internal and external factors affecting smart cities. They identify eight factors that, based on the literature at that time, were considered fundamental to the comprehension of smart city initiatives and projects. They include: management and organization, technology, governance, policy, people and communities, the economy, built infrastructure, and the natural environment. The same spirit of providing a more integrated perspective of smart cities prevails in Neirotti et al. [4] who present a taxonomy of domains. They divide the research articles into 'Hard' and 'Soft' domains. They grouped the key elements into six categories: natural resources and energy; transport and mobility; buildings; living; government; economy and people.
Giffinger et al. [33] also conceive a framework, based on the literature, for ranking smart medium-sized cities in Europe. They conceive a smart city as one that would excel, in a forward-looking way, in six characteristics: smart economy, smart people, smart governance, smart mobility, smart environment, and smart living. Similarly, Lombardi et al. [16] proposed a framework based on the concept of the Triple Helix [44] that relates university, industry, and government. They identify five clusters of elements in their analysis: smart governance, smart human capital, smart environment, smart living, and smart economy. The indicators for the dimensions in the framework were designed using a focus group and experts in different disciplines to allows a future classification of smart city performance and the relations between components, actors, and strategies.
Most of the analyzed frameworks agree on one or more factors but there is not a complete convergence among them and their relationships. Thus, to synthesize the smart city concept systematically and systemically we propose a unified definition of Smart City as a high-level ontology.
A Unified Definition of a Smart City
Our definition of a Smart City is shown in Fig. 1 and described below. It is presented as a high level ontology as described by Ramaprasad and Syn [36] and Cameron et al. [35] , in the context of public health informatics and mHealth respectively. It is similar to the approach used by Ramaprasad et al. [45] and Ramaprasad et al. [46] to study eGovernment. (Note: Words referring to those in the framework are capitalized in the text.)
Fig. 1. A unified definition of a smart city
A Smart City is a compound construct with two parts, each of which is a complex construct. It can be represented as:
The City is defined (for this paper) by its Stakeholders and the Outcomes. Thus: Thus, the effects on 'citizens' QoL', 'communities' equity', 'businesses' resilience', and 27 (6 × 5 − 3) other possible combinations of Stakeholder and Outcome, defines the smartness of a city.
Semiotics-the iterative process of generating and applying intelligence-forms the core of smartness. The focus of smartness may be many aspects of interest to the stakeholders to obtain the desired outcomes. It depends on the structure and functions of the systems for semiotics. Thus:
In the iterative Semiotics process, Data are converted into Information, Information to Knowledge, and the Knowledge is then translated into smart actions. Thus:
The focus of Semiotics may be Cultural, Economic, Demographic, Environmental, Political, Social, Technological, and Infrastructural. The semiotics of each focus will affect the corresponding smartness of the city, its stakeholders, and the corresponding outcomes. Thus: Concatenating the four left dimensions, the smartness of city will be a function of its 'architecture to sense cultural data', 'policies to communicate environmental knowledge', and 838 (7 × 5 × 8 × 3 − 2) other combinations in 'Smart' encapsulated in the definition.
Taken together, there are 7 × 5 × 8 × 3 × 6 × 5 = 25,200 potential components of a smart city encapsulated in the definition. A truly smart city is one that has realized a significant proportion of them. Thus, cities may be smart in different ways and to different degrees. Four illustrative components are listed below the ontology in Fig. 1 . They are illustrated below:
• Architecture to sense economic information by/from citizens for QoL. The architecture to periodically sense the QoL of the citizens of the city, and to make the data available to the citizens. • Systems to process environmental data by governments for livability. Systems to determine air and water pollution levels, and warn the citizens when they exceed acceptable thresholds. • Policies to communicate technological knowledge by professionals for resilience.
Policies to share knowledge about the technological vulnerabilities of a city, for example its data networks, to assure quick response and recovery in the event of a natural disaster. • Processes to translate political information to citizens for sustainability. Processes (town-hall meetings, online forums, etc.) to translate the political manifestos into policies and practices that may affect the sustainability of the city.
A component of a Smart City may be instantiated in many ways, not just one. Thus, the 25,200 components encapsulated in the definition may be reflected in innumerable ways in research and practice. Similarly, the innumerable instantiations may be mapped onto the 25,200 components to obtain a comprehensive view of the 'bright', 'light', 'blind/blank' spots/themes in Smart Cities research and practice. The 'bright' spots/ themes are those that are heavily emphasized because they are important or are easy. The 'light' spots/themes are those that are lightly emphasized because they are unimportant or are difficult. The 'blind/blank' spots/themes are those that have been overlooked or are logically infeasible.
The ontology defines Smart City simply and visually, without compromising its underlying combinatorial complexity. It is systemic and systematic. Its dimensions (columns) are based on research and practice in the domain. Further, the definition encapsulates all possible components of a Smart City, however many there are. We can describe any research or practice in the domain using the definition.
In summary, the unified definition presented as an ontology represents our conceptualization of Smart Cities [47] . It is an "explicit specification of [our] conceptualization," [48] and can be used to systematize the description of the complexity of domain knowledge [49] . The ontology organizes the terminologies and taxonomies of the domain. "Our acceptance of [the] ontology is… similar in principle to our acceptance of a scientific theory, say a system of physics; we adopt, at least insofar as we are reasonable, the simplest conceptual scheme into which the disordered fragments of raw experience can be fitted and arranged." [50] The many definitions of a Smart City can also be mapped onto the unified definition. It is a domain ontology that "helps identify the semantic categories that are involved in understanding discourse in that domain." [51, p. 23] Ontologies are used in computer science, medicine, and philosophy. Our ontology of a Smart City is less formal than computer scientists', more parsimonious than medical terminologists', and more pragmatic than philosophers'. It is designed to be actionable and practical, and not abstract and meta-physical. Its granularity matches that of the discourse in research and facilitates the mapping and translation of the domain-text to the framework and the framework to the domain-text.
Discussion
The Smart City ontology presented in this article provides a path to conceptualize systemically and systematically this novel domain including, refining, and extending previous definitions and conceptualizations of smart cities in a simple but powerful way. The ontology deconstructs the smart city concept into its basic dimensions and elements allowing the visual representation as a graphic-table and the articulation of its components using structured natural English revealing the combinatorial complexity of smart cities. This ontology is logically constructed but it is grounded in the literature and practice of smart cities. The multidisciplinary nature of the topic required to draw upon concepts from Urban Design, Information Technology, Public Policy, and the Social Sciences. The analysis of previous research included more than thirty definitions of the concept, articles about smart cities and rankings currently in use. This ontological framework for smart cities can be a tool for researchers and practitioners to visualize the appropriate elements and components of a smart city.
The logical construction of the ontology minimizes the errors of omission and commission. Smart city is a compound construct of two parts, Smart and City, and every one of it is at the same time composed of other dimensions and elements. For example, the City part of the smart city construct in the ontology encompasses the effect of stakeholders on the desirable outcomes. Most researchers in the information technology field focus their definitions of smart cities on the electronified functions provided to the citizens without consideration of the outcome (Sustainability, Quality of Life, Equity, Livability, Resilience). However, for the urban related disciplines the sustainability and quality of life has been the critical issues associated to most smart city definitions but electronic means have not been always part of those definitions (error of omission). The Smart part of the ontology compels the researcher to structure this part from the logical perspective of the term, the disciplines that converge in it and what is defined by other researchers as smartness (for example Debnath, Chin, Haque and Yuen [41] and Akhras [42] considered sensing, processing and decision making, acting (control), communicating, predictability, healing and preventability fundamental in the smartness of a city). Smart then was deconstructed into four dimensions (Structure, Function, Focus, and Semiotics) where structure, functions, and focus provide the means for semiotics which represents in detail the iterative process of generating and applying intelligence. Thus, the ontology can help specify the four dimensions and its elements for enabling a combination of them, instead of specifying it just generally (error of commission).
Finally, the ontology function as a multi-disciplinary lens. The Structure, Functions, and Semiotics are drawn from the information systems literature and refined for Smart City; the Focus, Stakeholders and Outcomes dimensions are drawn from the Public Administration, Urban Design, Public Policy, and the Social Sciences. The ontology compels the user to analyze different aspects of smart cities and synthesize solutions by drawing upon these disciplines.
Conclusion
In this paper, we have proposed an ontology that characterizes the logic of the Smart City domain and can be used to study this domain from many perspectives, at different levels of complexity, and at the desired level of detail. The main contribution of this study is the Smart City Ontology which was based on the logic behind the concept and the mapping of the numerous definitions of the term in the literature. The initial review revealed a clear separation among definitions coming from the information technology field, where the focus was on infrastructure, from those from the urban design and the social sciences where the emphasis was on the outcome (mainly sustainability and quality of life).
The Smart City Ontology will be an essential tool that can be used by planners and government officials to: (a) assess the level of smartness of their cities from many perspectives at different levels of complexity (b) provide a roadmap for new smart city designs (c) guide cooperative thinking among government agencies and other stakeholders (d) map the state-of-the-practice and unveil the bright, light and blind/blank spots of cities. Finally, this Smart City Ontology is fundamental for researchers because it allows them to map the state-of-the-research of the domain and it will permit them to systematically identify the 'bright', 'light', and 'blind/blank' spots in the literature. This mapping could reveal the gaps in the literature and practice, and the opportunities for research in various disciplines encompassed in this ontology.
Last, the unified definition of a Smart City as an ontology is in structured natural English, as opposed to linear natural English of the other traditional definitions reviewed in the paper. Thus, it retains its semantic interpretability while at the same time encapsulating the complexity of the construct. Further, the definition can be adapted as the construct evolves and to different contexts, because of its modular structure. It can be plastic. The definition can be expanded by adding an additional dimension (column), and reduced by eliminating a dimension. For example, Temporality of Outcomes (Short term, Medium term, and Long term) can be an additional dimension; or the elements of Outcomes can be aggregated under the broad term of a Smart City, and the dimension could be eliminated. The definition can be refined by adding subcategories of an element, and coarsened by combining several elements. For example, Governments (Stakeholder), can be subcategorized as Federal, State, and Local Governments; and Institutions and Businesses can be combined as Organizations. The unified definition should serve as a seed for the evolution of the research and practice in the Smart Cities domain.
